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Coral research is being ushered into the genomic era. To fully capitalize on the
potential discoveries from this genomic revolution, the rapidly increasing number of highquality genomes requires effective pairing with rigorous taxonomic characterizations
of specimens and the contextualization of their ecological relevance. However, to
date there is no formal framework that genomicists, taxonomists, and coral scientists
can collectively use to systematically acquire and link these data. Spurred by the
recently announced “Coral symbiosis sensitivity to environmental change hub” under
the “Aquatic Symbiosis Genomics Project” - a collaboration between the Wellcome
Sanger Institute and the Gordon and Betty Moore Foundation to generate gold-standard
genome sequences for coral animal hosts and their associated Symbiodiniaceae
microalgae (among the sequencing of many other symbiotic aquatic species) - we
outline consensus guidelines to reconcile different types of data. The metaorganism
nature of the coral holobiont provides a particular challenge in this context and
is a key factor to consider for developing a framework to consolidate genomic,
taxonomic, and ecological (meta)data. Ideally, genomic data should be accompanied
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by taxonomic references, i.e., skeletal vouchers as formal morphological references for
corals and strain specimens in the case of microalgal and bacterial symbionts (cultured
isolates). However, exhaustive taxonomic characterization of all coral holobiont member
species is currently not feasible simply because we do not have a comprehensive
understanding of all the organisms that constitute the coral holobiont. Nevertheless,
guidelines on minimal, recommended, and ideal-case descriptions for the major coral
holobiont constituents (coral animal, Symbiodiniaceae microalgae, and prokaryotes)
will undoubtedly help in future referencing and will facilitate comparative studies. We
hope that the guidelines outlined here, which we will adhere to as part of the Aquatic
Symbiosis Genomics Project sub-hub focused on coral symbioses, will be useful to
a broader community and their implementation will facilitate cross- and meta-data
comparisons and analyses.
Keywords: coral reef, coral holobiont, scleractinia, symbiodiniaceae, prokaryotes, genome sequencing,
taxonomy, genomics

INTRODUCTION

to the RefSeq version (PRJNA3861752 ) using a gene mapping
file3 reveals different lengths and numbers of protein-coding
genes. The same can be observed for the genome of the coral
Stylophora pistillata (Voolstra et al., 2017b) with the authorpublished version featuring 25,769 genes4 , the corresponding
submitted GenBank version5 harboring 24,140 of these genes5 ,
and the associated RefSeq version featuring 33,239 genes6 with no
corresponding gene mapping file to cross reference the different
genes and identifiers.
Large-scale sequencing projects often prioritize the generation
of genomic and transcriptomic data over comprehensive formal
descriptions of samples and their environmental/ecological
setting (i.e., metadata). This is true even for species with high
intraspecific variation in heritable functional traits, such as
scleractinian corals, for which ecological and environmental
context matters greatly (Ziegler et al., 2014; Sawall et al., 2015;
Röthig et al., 2017; Thomas et al., 2018; Bongaerts et al.,
2020; Kavousi et al., 2020). Underlying this problem is that
most molecular databases focus largely on sequencing data
deposition and do not provide a comprehensive framework
for the deposition of associated metadata (Riginos et al.,
2020). The association between sequencing data and contextual,
environmental (meta)data makes interpretation of these data
more meaningful and allows the alignment of molecular
patterns with phenotypes (Hume et al., 2020; Voolstra et al.,
2020; Grottoli et al., 2021). The recently established Genomic
Observatories Metadatabase (GEOME) aims to expedite and
improve deposition and retrieval of molecular data and metadata
for biodiversity research (Deck et al., 2017; Riginos et al.,
2020). Here, we address a specific key issue relevant to this
aim: the importance of accurate taxonomic descriptions of
sequenced coral holobiont specimens and the deposition of

The rapid development of sequencing technologies and the
ever-decreasing cost has led to a discrepancy between the
generation of primary sequencing data (sequence reads) and their
assembly, annotation, and curation (genomes, genes, etc.): we are
producing more data than we can “consume” (Richards, 2015;
Voolstra et al., 2017a). This inconsistency is highlighted by the
now routinely required provisioning of primary sequencing data
to a public database (NCBI nr, EMBL ENA, and DDBJ) prior
to publication vs. the provisioning of assembled and annotated
sequencing data (the type of data that most people work
with), which currently is not a strict requirement (Liew et al.,
2016; Voolstra et al., 2017a). Indeed, accessibility to assembled
sequencing data is generally provided on a voluntary basis, and
more often than not, relies on secondary databases, such as
reefgenomics.org (Liew et al., 2016) or symportal.org (Hume
et al., 2019) in the marine/coral reef domain. These secondary
outlets often lack funding (or the availability of funding schemes
that support such endeavors), rendering their continued upkeep
financially challenging, e.g., CnidBase that is now no longer
accessible (Ryan and Finnerty, 2003) or GeoSymbio which is
no longer updated (Franklin et al., 2012). Even when processed
sequencing data are available, another problem is version control,
i.e., access to and documentation of previous transcriptome
or genome versions (assemblies), which in some instances
are critical to reproduce results. Public databases often put
restrictions in place for the upload of genome/transcriptome
assemblies or gene sets, resulting in different versions used
for analysis, relative to those that are published with the
respective study. This disparity is further complicated by the
circumstance that sequencing databases often produce their
“own” version of an uploaded genome based on a standardized
analytical framework. In the case of the Aiptasia (Exaiptasia
diaphana) genome (Baumgarten et al., 2015), for instance, a
comparison of the submitted GenBank version (PRJNA2618621 )
1

2

https://www.ncbi.nlm.nih.gov/bioproject/386175
http://aiptasia.reefgenomics.org/download/
4
http://spis.reefgenomics.org/download/
5
https://www.ncbi.nlm.nih.gov/bioproject/281535
6
https://www.ncbi.nlm.nih.gov/bioproject/415215
3

https://www.ncbi.nlm.nih.gov/bioproject/261862
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specimen vouchers to provide a formal taxonomic framework
for sequencing data, coupled with the ability to update existing
descriptions. The absence of a proper taxonomic treatment
associated with sequenced specimens makes cross-referencing
and meta-analyses challenging and, in the worst case, can
confound analyses due to taxonomic misclassification of
sequence data (Bonito et al., 2021). Simply put, while everyone
agrees on the value of properly curated specimens and associated
sequencing data, what is missing is a guide or reference that
details what should be provided when sequencing a genome.
Here we were motivated to provide such consensus guidelines
as we embark on a new initiative to substantially improve the
number and quality of genomes available from scleractinian
corals and their associated Symbiodiniaceae microalgae
(Supplementary Table 1). The “Coral symbiosis sensitivity to
environmental change hub” is embedded in a phylogenetically
broader effort to survey genomes across a wide variety of marine
organisms and their microbial symbionts (octocorals, sponges,
clams, nudibranchs, etc.) entitled the “Aquatic Symbiosis
Genomics Project”, which is jointly funded by the Wellcome
Sanger Institute and the Gordon and Betty Moore Foundation7 .
We aim to provide consensus guidelines on the “minimal
taxonomic information” that should be provided to maximize
the utility of the generated sequence data. We further expand
these guidelines to also include coral-associated prokaryotic
genomes due to recent efforts in describing and collating the
culturable fraction of the prokaryotic community of the coral
holobiont (Sweet et al., 2021). We advocate for the provision
of taxonomic information for the most important (i.e., best
understood, most commonly researched) coral holobiont
entities: the coral animal host, the Symbiodiniaceae microalgae,
and the associated prokaryotes (bacteria and archaea). Although
the focus of the guidelines is aimed toward shallow-water stony
corals (Scleractinia), they are broadly applicable to all coral
taxa, and we incorporate specific considerations for temperate,
cold-/deep-water corals as well as octocorals (Octocorallia),
black corals (Antipatharia), and other hexacorals (Hexacorallia)
where applicable.

is challenging because morphological characteristics that
differentiate species in one genus may not be applicable to other
genera, and the same is true for molecular markers (Veron, 2000;
Shearer et al., 2002; Stolarski et al., 2021). In the case of
many coral lineages, species-level molecular markers are
simply not (yet) available (Quattrini et al., 2018; Cowman
et al., 2020; Erickson et al., 2021), partially due to ongoing
taxonomic revisions, but also due to corals exhibiting low
levels of congeneric divergence for commonly employed
(mitochondrial) gene markers, effectively hampering specieslevel resolutions (Shearer et al., 2002; Supplementary Table 2).
Both circumstances support the necessity of skeletal voucher
specimens as a reference to validate, synchronize, or update
ascribed taxonomic annotations and allow later re-evaluation
in case of taxonomic revisions. Importantly, specimens
should be identified with reference to the original type
specimens and descriptions, and not the most recent or
most easily accessible revision, unless these provide a formal
re-description (or illustration) of type material (or neotype
specimen where applicable). Nevertheless, for most sequenced
coral genomes to date, such information is not or not easily
accessible (Supplementary Table 3). With most museums
placing emphasis on digitizing collections, it should become
easier to access photographs of type specimens and original
descriptions—a major step forward from even a decade ago.
Museum curators and collection managers can also facilitate this
process by providing access to specimens (including digitized
versions) in their collections—a valuable service to the broader
scientific community.
By comparison, formal descriptions of Symbiodiniaceae are
rather recent, with the vast majority established or formalized
after molecular data began to be integrated (LaJeunesse
et al., 2012; Wham et al., 2017; Lee et al., 2020). The
updated taxonomy provided an overdue revision of this
group of microalgal symbionts, acknowledging their substantial
genetic divergence and discouraging the use of informal clade
designations as auxiliary constructs (LaJeunesse et al., 2018).
The majority of sequenced genomes are currently available from
the genus Symbiodinium, with many genera not yet having
genome assemblies available (Supplementary Table 4). Rather,
Symbiodiniaceae associations are commonly described through
means of marker gene elucidation using a range of different
methodologies (Sampayo et al., 2009; LaJeunesse et al., 2018;
Hume et al., 2019; Grottoli et al., 2021). Common markers that
are sometimes used in conjunction include ITS, ITS2, psbAncr ,
SSU, LSU, and cp23S, which are utilized along with morphological
data and host associations (Sampayo et al., 2009; LaJeunesse et al.,
2018; Hume et al., 2019).
For coral-associated prokaryotes, much work remains to be
done (Supplementary Table 5), but the recent assembly and
genome-level description of bacteria associated with Porites lutea
Milne Edwards and Haime, 1851 (Robbins et al., 2019) and
the cataloging of cultured bacterial coral isolates (Sweet et al.,
2021) provide a groundwork to build upon. Given that coral
genomics is a nascent field, any guidelines put forward here
must be considered provisional, and indeed current limitations
should be a motivation rather than a barrier to begin to work
on formulating the types of information that are most important

CONSENSUS GUIDELINES –
ASSESSMENT AND
RECOMMENDATIONS
Standardized morphological and molecular taxonomic practices
are not equally available for all coral holobiont entities, nor
equally well tried-and-tested. For instance, coral skeletal-based
taxonomy has a long history (Veron, 2000), but is not without
discrepancies if compared against molecular-based analyses
(Fukami et al., 2004; Kitahara et al., 2016; Terraneo et al., 2019a;
Cowman et al., 2020). But therein lies the conundrum: while
molecular analyses commonly achieve superior taxonomic
resolution, they rely on initial expert review and annotation
to prevent error-propagation through incorrect phylogenetic
annotations of sequence database entries (Tripp et al., 2011).
It is important to acknowledge that taxonomic identification
7

https://www.sanger.ac.uk/collaboration/aquatic-symbiosis-genomics-project/
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2010 and 2021 and the number is growing, though there is
no consensus nor consistency on the minimum information
reported for the sequenced specimens (Supplementary Table 3).
Records of the sampling location, depth, and specimen
phenotypic traits (including field images and the collection
of a specimen/skeletal voucher) are important to inform
accurate species identification, but are not always provided.
Likewise, taxonomic identification (genotyping) based on
specific molecular markers/barcodes and/or whole mitochondrial
genome comparison is desirable (e.g., Buitrago-López et al.,
2020). Notably, the vast majority of genome reports have
deposited the raw sequencing data in publicly available
sequencing databases. Although we recognize that sequencing
genomes typically aligns to research projects in a given region
(or even reef), ideally specimens should be collected from the
type locality for the species of interest, or at least compared
(genetically and morphologically) with a specimen from the
type locality to ensure the specimen represents the species
of interest. Likewise, the specimen to be sequenced should
be selected based on morphological comparison to the namebearing type specimen and the original description. Selecting
specimens closely resembling the original type specimen from
the type locality significantly reduces the chances of applying
an incorrect taxonomic name to the genome, even when
the species is the subject of subsequent taxonomic revision.
Collecting from the type locality is particularly important
given the extensive geographic and depth structure reported
in many putatively widespread coral species that may well
represent distinct species (e.g., Richards et al., 2016; Sheets
et al., 2018; Bongaerts et al., 2021). Collection of high-quality
field images and specimen/skeletal vouchers enables comparison
of detailed skeletal morphology to the type specimen and
informs on genome-to-morphotype correlations. While some
specimens may be transported to aquaria, it is important
to ensure that a voucher is taken of the original colony in
the field, as coral morphology can change dramatically under
aquarium conditions.
Since we recognize that coral taxonomy is a “moving target”,
there is a need to bridge efforts for genomics to reconcile with
the constantly evolving species classification. To this end, we
suggest somewhat flexible taxon-description guidelines for coral
genomic researchers (Table 1 and Figure 1), which attempt to
avoid errors that have been commonly made in the past when
assigning a species name to a genome, most notably the failure
to maintain a specimen/skeletal voucher to ensure comparison
with type material morphology. These guidelines are more
fully described in the Supplement (Supplementary Methods).
Implementing this practice will become fundamental as more
genomes are sequenced, more cryptic species are identified, and
novel morphological tools and techniques are developed to assign
taxonomic status and identity. Without a reference specimen
voucher, it becomes impossible to independently evaluate and
update the taxonomy of a specimen and we are left relying only on
the genome sequence and its associated metadata for taxonomic
assignment. Having voucher specimens will allow the processes
of genome sequencing and taxonomic assignment to be iterative,
and mistakes can be corrected over time as new data emerge and
taxonomic assignments are modified accordingly. This process

to provide alongside sequencing data. While it is evident that
multiple challenges are associated with taxonomy at all levels of
the coral holobiont, we begin with a set of guidelines focusing
on what should be provided when generating reference genomic
data for the coral animal host, Symbiodiniaceae microalgae,
and those prokaryotes that are either cultured or for which
a full-length 16S rRNA gene reference sequence or a wellassembled (meta)genome is available (Supplementary Material).
Our recommendations are not prescribed for metabarcoding,
gene expression, or metagenomic/-transcriptomic surveys per
se, as they may become overburdening for these latter types of
studies. Although providing metadata descriptors for these data
types in as comprehensive a manner as possible is desirable, they
typically do not represent “reference datasets” because multiple
studies are typically available for these types of sequencing
data for any given species (e.g., 16S metabarcoding datasets
exist for the same species from multiple locations). We further
advocate establishing a well-curated set of specimen vouchers
associated with primary reference sequencing data, which
then allows alignment of samples against that reference. This
should minimize misannotation and curtail error propagation
caused by annotating tertiary sequencing data against secondary
sequencing data.

The Coral Animal Host
To date, more than 9,000 nominal coral species (coral
defined as animals in the cnidarian classes Anthozoa and
Hydrozoa that secrete calcareous or proteinaceous skeletons
sensu Cairns (Cairns, 2007) have been described (WoRMS
Editorial Board, 2020). These include 5,941 scleractinian
coral species of which 1,627 are currently considered valid
(Hoeksema and Cairns, 2020). Accordingly, the boundaries and
classification of these animals can be blurred by the great
morphological plasticity of the skeletal features traditionally
used for their identification (Veron, 2000), their hybridization
potential (Vollmer and Palumbi, 2002; Willis et al., 2006;
Richards and Hobbs, 2015; Quattrini et al., 2019), as well
as widespread cryptic speciation (Todd, 2008; Forsman et al.,
2009; Herrera and Shank, 2016; Bongaerts et al., 2020;
Gómez-Corrales and Prada, 2020). To obtain a more precise
taxonomic classification, coral taxonomists have started to use
genetic/genomic data to identify phylogenetically informative
morphological characters, which can be incorporated into
identification keys (Terraneo et al., 2019b; Arrigoni et al., 2020).
To this end, several mitochondrial and nuclear markers have
been developed to resolve the taxonomy of corals to reflect
their actual evolutionary relationships (Supplementary Table 2).
With the advent of sequencing technologies becoming more
affordable, genome-wide information (e.g., single nucleotide
polymorphisms, ultraconserved elements, exons) can now also
be incorporated into coral classification methodologies (Arrigoni
et al., 2020), although the cost of sequencing still remains a
hurdle for many researchers. Moreover, the sequencing and
assembly of coral genomes provide a further important source
of information to complement previous identification efforts
(Shinzato et al., 2021).
Genome assemblies of more than 30 coral species have been
generated and published in peer reviewed journals between
Frontiers in Marine Science | www.frontiersin.org
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TABLE 1 | Consensus guidelines regarding associated metadata deposition for coral specimen collection targeted for genome sequencing.
Metadata provision guideline

Coral genome from sperm

Coral genome from holobiont sample
(colony fragment)

Minimum

– High quality DNA voucher material from sperm isolation
– Common phylogenetic marker sequences (e.g., COI, ITS,
18S, mtMutS, 28S)
– Voucher photograph of live parent colony from which sperm
was collected; photographs should include close-ups of
skeletal structures
– Comprehensive metadata: GPS location, sampling date,
depth, temperature, (provisional) taxon ID
– Reference to the original species description

– High quality DNA voucher material from holobiont isolation
– Common phylogenetic marker sequences (e.g., COI, ITS,
18S, mtMutS, 28S)
– Voucher photograph of live coral colony from which
specimen was collected; photographs should include
close-ups of skeletal structures
– Comprehensive metadata: GPS location, sampling date,
depth, temperature, (provisional) taxon ID
– Reference to the original species description
– If permit allows: specimen/skeletal voucher sample

Recommended (in addition to Minimum)

– Cryopreserved sperm sample
– High quality DNA voucher material from the (holobiont)
parent colony
– Parent colony specimen deposited and registered in a
museum with a collection code

– Cryopreserved holobiont sample
– High quality DNA voucher material from the (holobiont) coral
colony
– Skeletal and (holobiont) coral colony specimen deposited
and registered in a museum with a collection code

Ideal (in addition to Recommended)

– Ramets of the parental colony should be maintained
long-term in (public) aquariums/research facilities,
preferably across multiple locations in case of mortality
(Zoccola et al., 2020)
– In situ tagging of colony from which sperm was collected for
long-term resampling and photographing
– Complete formal taxonomic description published, if not
available prior (including name, type specimen, museum
registration code)

– Ramets of the parental colony should be maintained
long-term in (public) aquariums/research facilities,
preferably across multiple locations in case of mortality
(Zoccola et al., 2020)
– In situ tagging of colony that was sequenced for long-term
resampling and photographing
– Complete formal taxonomic description published, if not
available prior (including name, type specimen, museum
registration code)

Relatively pure coral DNA can be collected from coral sperm, but requires sample collection during spawning, whereas DNA obtained from a colony fragment contains a
mix from many different organisms, most notably “contaminating” DNA from the endosymbiotic Symbiodiniaceae.
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FIGURE 1 | Overview of consensus guidelines regarding metadata deposition for coral, Symbiodiniaceae, and prokaryotic specimen collections targeted for
(meta)genomic sequencing (further details in Tables 1–3).

will be facilitated by biologists and genomicists working together
with taxonomists, and it constitutes an ongoing process rather
than a singular event (Buckner et al., 2021).

and genetically diverse group of dinoflagellate microalgae
(LaJeunesse et al., 2018). Symbiodiniaceae have wide-ranging
physiological tolerances to light, temperature, salinity, and
nutrient preferences, which impact coral health and resilience
(Rowan et al., 1997; Baker, 2003; Sampayo et al., 2008; Suggett
et al., 2015, 2017; Ochsenkühn et al., 2017; Morris et al.,
2019). Like other dinoflagellates, their genomes are large and
complex (LaJeunesse et al., 2005; Lin, 2011) and they can be

The Microalgal Symbiont
(Symbiodiniaceae)
The primary eukaryotic symbionts of shallow-water corals belong
to the family Symbiodiniaceae, a taxonomically, ecologically,
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TABLE 2 | Consensus guidelines regarding associated metadata deposition for Symbiodiniaceae specimen collection targeted for genome sequencing.
Metadata provision guideline

Symbiodiniaceae genome from available culture

Symbiodiniaceae genome from holobiont sample
(colony fragment)

Minimum

– High quality DNA voucher material from microalgal culture
isolation
– Common phylogenetic marker sequences (e.g., LSU, ITS2,
cob, cp23S, psbAncr ; the optimal combination will vary by
species)
– Light microscopy images (for cell sizes as rough
morphological feature)
– Comprehensive metadata: (coral) host species, GPS
location, sampling date, depth, temperature, (provisional)
taxon ID
– Indication whether culture is the dominant symbiont of the
“host” it was isolated from

– High quality DNA voucher material from holobiont isolation
– Common phylogenetic marker sequences (e.g., LSU, ITS2,
cob, cp23S, psbAncr ; these would only represent the
numerically dominant, eco-physiologically relevant, and
temporally stable primary symbiont)
– Light microscopy images (for cell sizes as rough
morphological feature)
– Comprehensive metadata: (coral) host species, GPS
location, sampling date, depth, temperature, (provisional)
taxon ID
– ITS2 defining intragenomic variant (DIV) profiles or
denaturing gradient gel electrophoresis (DGGE) profiles of
all symbionts in the host (useful for assessing community
members in mixed samples and identifying the dominant
species and potential contaminants, while acknowledging
that without correction for ITS2 copy number they won’t
necessarily reflect relative abundance accurately)

– Diagnostic markers if known (genus-specific; e.g., Sym15
for Breviolum)

Recommended (in addition to Minimum)

– Cryopreserved stock
– ITS2 defining intragenomic variant (DIV) profiles of the
culture from amplicon sequencing (useful for monoclonal
strains to generate genetic fingerprints to be used as
reference for other studies)

– Cryopreserved stock (will have background symbiont and
host contamination, which should be indicated)
– Diagnostic markers if known (genus-specific; e.g., Sym15
for Breviolum)

Ideal (in addition to Recommended)

– Live culture stock started from single-cell isolation and
deposition in a recognized culture collection (e.g., ANACC,
CCAP, NCMA)
– SEM/TEM images (including deposition of SEM stubs as
holotype with a museum or public collection/herbarium)
– Complete formal taxonomic description published, if not
available prior (including name, type specimen, museum
registration code)

– SEM/TEM images (including deposition of SEM stubs as
holotype with a museum or public collection/herbarium;
notably, it may be difficult to determine if a given cell is the
appropriate species in a mixed community)
– Complete formal taxonomic description published, if not
available prior (including name, type specimen, museum
registration code)

multiple Symbiodiniaceae species in the same host adds further
complexity. Therefore, the isolation of individual symbiont cells
to establish clonal cultures is an important step for targeted
sequencing (Nitschke et al., 2020). Most ecologically important
symbionts have yet to be cultured, and many may ultimately
prove unculturable given their narrow growth requirements
(Krueger and Gates, 2012). In addition, cultured cells are not
necessarily representative of their in hospite counterparts, both
genetically and functionally (Santos et al., 2001; Maruyama and
Weis, 2021). To resolve the complex diversity of Symbiodiniaceae
(LaJeunesse et al., 2018), a combined approach of sequencing in
hospite cells from holobiont tissue samples as well as cells from
independent isoclonal cultures will be needed. This is the strategy
pursued in the “Coral symbiosis sensitivity to environmental
change hub”. Additionally, flow cytometry and fluorescentactivated cell sorting (FACS) with subsequent sequencing
may be employed (Rosental et al., 2017; Levy et al., 2021).
Whether the microalgae are sourced from mixed holobiont
tissue or pure cultures, the “minimal taxonomic information”
for sequencing Symbiodiniaceae genomes (Table 2 and Figure 1)
should include the deposition of cryo-preserved DNA, genetic
characterization with standard phylogenetic markers, light
microscopy images of cells for morphological characterization,
and metadata describing coral host identity, the coral host’s
symbiont population composition, and the environment from
which microalgal cells were isolated (Supplementary Methods).
Whenever possible, additional useful steps would include

highly divergent (LaJeunesse et al., 2005; Lin, 2011; Aranda
et al., 2016; González-Pech et al., 2019, 2021; Nand et al.,
2021; Supplementary Table 4). Initially, all Symbiodiniaceae
were thought to comprise a single species (Freudenthal, 1962;
Kevin et al., 1969; Taylor, 1974), but the accumulation of
molecular data has led to our current understanding that there
are likely hundreds of species spread across tens of genera
within this microalgal family (LaJeunesse et al., 2018). Most
await formal description with only ∼40 valid Symbiodiniaceae
taxa currently formally described. Such descriptions will be
needed to map the microalgal symbionts to their coral host
distributions, to define their relevant units for conservation
and protection, and to understand the extent to which their
functional variation translates into acclimatory and adaptive
potential for the coral holobiont (Howells et al., 2012, 2020;
Hume et al., 2016, 2020; Thornhill et al., 2017; Torda et al.,
2017; Voolstra et al., 2021). Due to the cryptic morphology of
these organisms, their taxonomic recognition relies on molecular
evidence, necessitating new tools to resolve diversity, e.g.,
SymPortal (Hume et al., 2019) and new approaches to link
genomic data to voucher specimens.
The intracellular nature of the coral-Symbiodiniaceae
symbiosis complicates genome sequencing because it can be
difficult to obtain pure Symbiodiniaceae (or conversely coral)
DNA. Consequently, many Symbiodiniaceae genomic resources
are “contaminated” with DNA from their coral hosts and vice
versa (Celis et al., 2018). The potential presence of cells from
Frontiers in Marine Science | www.frontiersin.org
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although the two different approaches are complementary
in scope and insight (Sweet et al., 2021). Here, we discuss
methods best suited to characterize prokaryotic associates and
provide suggestions to “standardize” coral microbiome work for
enhanced comparability and meta-analysis.
Many studies feature 16S rRNA gene amplicon sequencing
to describe the microbiome of corals. Large datasets, such
as obtained for the Earth Microbiome Project, maximize the
comparability among studies (Thompson et al., 2017), but the
employed primers are prone to misamplification in corals and
provide limited coverage of some taxonomic groups (Bayer et al.,
2013; Robbins et al., 2019; van de Water et al., 2020). Such
methodological constraints may resolve in the near future with
the availability of direct full-length sequencing of 16S rRNA
genes (Carradec et al., 2020). Fewer studies have utilized shotgun
metagenomic sequencing to obtain prokaryotic genomes via
metagenome-assembled genomes (MAGs) (Neave et al., 2017a;
Cárdenas et al., 2018; Robbins et al., 2019). As outlined above,
it is desirable to provide both the raw sequencing data and the
assembled genomes, as well as the bioinformatic pipelines used
for assembly and annotation (Mende et al., 2020; Sweet et al.,
2021; Cardénas and Voolstra, 2021). If available, culture-based
methods are valuable because they directly align a 16S rRNA
gene sequence or genome with a cultured isolate that can then
be subjected to further study and experimental investigation
(Neave et al., 2014, 2017a). Despite these advantages, microbial
culturing is challenging. This is because in many cases the
biotic and abiotic conditions necessary to obtain microbial
growth are unknown or hard to mimic in a laboratory context
(Bodor et al., 2020), on top of the difficulties associated with
taxonomic identification of cultured strains (Varghese et al.,
2015). In addition, the incorporation of genomic information
into the hierarchical system of classification for prokaryotes
has been proven to be challenging below the genus level.
Arguably, resolving species- and strain-level differences are

generating amplicon sequencing data, establishing live cultures,
and publishing a formal taxonomic description of the species
in advance of or alongside the genome. However, we are keenly
aware that Symbiodiniaceae taxonomy is in its infancy, that the
number of undescribed species is staggering, and that formal
descriptions require a tremendous amount of work and funding.
While all Symbiodiniaceae species should eventually be formally
named, we recognize that in the near future many genomes will
need to be published for undescribed or not fully characterized
specimens. Following the consensus guidelines outlined here
should maximize the potential for creating unambiguous
genomic information associated with a given specimen and
minimize errors, while the Symbiodiniaceae taxonomy continues
to be resolved. Although deep-sea corals lack Symbiodiniaceae
symbionts, they can host other eukaryotic microbes in their
tissues, e.g., apicomplexans (Vohsen et al., 2020a). Similarly,
there are numerous additional soft-bodied anthozoan taxa, many
in symbioses with Symbiodiniaceae (Quek and Huang, 2021).
Thus, the guidelines proposed here are also relevant for the
genome sequencing and investigation of these other, relatively
less well-studied holobionts and their associated symbionts.

The Prokaryotic Community
Bacteria are pivotal members of the coral holobiont contributing
to metabolism, health, and stress tolerance (Rosenberg et al.,
2007; Ziegler et al., 2017; Robbins et al., 2019; Voolstra and
Ziegler, 2020; Peixoto et al., 2021). Coral-associated bacterial
communities are complex and highly variable, which must
be considered in the implementation of consensus guideline
approaches (Roder et al., 2015; Williams et al., 2015; Röthig
et al., 2017; Sweet et al., 2017; Vohsen et al., 2020b; Voolstra
and Ziegler, 2020). While historically bacteria (host-associated
and free-living) were characterized employing culturing
methods, this has been largely replaced by sequencing-based
approaches that are more affordable and higher throughput,

TABLE 3 | Consensus guidelines regarding associated metadata deposition for prokaryotic specimen collection targeted for (meta)genome sequencing.
Metadata provision guideline

Cultured bacteria

Uncultured bacteria

Minimum

– DNA sequence available in public database
– DNA extraction methods, sequencing platform
– Host description, photos, and culturing methods
– Comprehensive metadata: (coral) host species, GPS
location, sampling date, depth, temperature, (provisional)
taxon ID

– DNA sequence available in public database
– DNA extraction methods, sequencing platform
– Host description (including environmental conditions, health
state) and photos
– Comprehensive metadata: (coral) host species, GPS
location, sampling date, depth, temperature, (provisional)
taxon ID

Recommended (in addition to Minimum)

– Cryopreserved stock
– Information on growth rates and conditions
– Detailed bioinformatic methods and assembled sequence
data
– Photographs of bacterial colonies, information on color,
border, shape of cultured cells

– Host voucher
– Detailed bioinformatic methods and assembled sequence
data

Ideal (in addition to Recommended)

– Live culture stock started from single-cell isolation and
deposition in a recognized culture collection
– SEM/TEM images (including deposition of SEM stubs as
holotype with a museum or public collection/herbarium)
– Complete formal taxonomic description published, if not
available prior (including name, type specimen, museum
registration code)

– High quality DNA voucher material
– Tagging of coral colony that was sequenced for long-term
resampling and photographing
– Complete formal taxonomic description published, if not
available prior (including name, type specimen, museum
registration code)
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critical to understand ecologically and physiologically relevant
distinctions, and alternative prokaryotic taxa classifications have
been proposed to amend these issues (Staley, 2006; Neave et al.,
2017a; Parks et al., 2018; Van Rossum et al., 2020; Yan et al.,
2020). Given the current classification “fluidity”, a comprehensive
assessment and description of obtained microbial cultures
associated with host metadata is therefore required to facilitate
contextualization of results from different studies, enable crosscomparability, and allow for reproducibility (Table 3, Figure 1,
and Supplementary Methods).

BOX 1 | Open access databases that integrate primary data and associated
metadata and provide tools for standardization for the genomic interrogation
of (coral) holobionts.
Genomic Observatories Metadatabase at geome-db.org (Deck et al., 2017):
database that captures metadata about biological samples and associated
genetic sequences.
Reefgenomics at reefgenomics.org (Liew et al., 2016): repository for curated
marine genomics data.
Coral trait database at coraltraits.org (Madin et al., 2016): community-driven
compilation of observations and measurements of scleractinian corals at the
individual and contextual level.
SymPortal at symportal.org (Hume et al., 2019): analytical framework and
platform for Symbiodiniaceae next-generation-sequencing (NGS) ITS2
profiling with integrated curated, public database.

DISCUSSION AND PERSPECTIVE

Coral Microbiome Portal (CMP) at https://www2.whoi.edu/site/amy-apprill/
coral-microbiome-portal/ (Huggett and Apprill, 2019): database of NGS data
of coral-associated microorganisms from selected studies.

The sequencing era has the potential to unlock the complexity
of the coral holobiont by means of highly resolved genomic
interrogation of its member species (i.e., coral animal host,
Symbiodiniaceae microalgae, associated prokaryotes, etc.). While
initially the focus was on sequencing “one genome at a time”, e.g.,
the Stylophora pistillata (Esper, 1792) holobiont genomics studies
(Bayer et al., 2013; Aranda et al., 2016; Neave et al., 2017a,b;
Voolstra et al., 2017b), there is now a suite of efforts to target the
coordinated sequencing of all (or the most common) holobiont
member species (Robbins et al., 2019). One of these efforts is
the “Aquatic Symbiosis Genomics Project”. To maximize the
utility of the generated data, a common commitment to formulate
and adhere to consensus guidelines within a defined taxonomic
framework is required. Here, we lay out the guidelines that the
“Coral symbiosis sensitivity to environmental change hub” will
follow to facilitate meta-analyses, cross-comparisons, and backtracking of samples, with the intent that other initiatives can join
and adopt this approach. Our first step was to decide on the
coral species that would be part of this project (Supplementary
Table 1). To do this, we collated the current state of play of coral
genomes and assessed which key species were missing or suffered
from incomplete and/or fragmented genome assemblies. We then
compared where our selected corals were initially described from,
that is the country of origin of the type specimen (type locality).
Samples are currently in the process of being collected by incountry scientists and experts who are in charge of sampling and
archiving specific types of metadata for each specimen. Without
such data, type specimens and previous data collections cannot
be ground-truthed or revised (Blom, 2021; Buckner et al., 2021),
which ultimately limits the usefulness of -omics data for current
and future analyses.
One additional barrier is the lack of a central repository that
integrates (i) several or all types of data (genomic, taxonomic,
physiological, chemico-physical, etc.) from (ii) multiple coral
holobiont entities (cross-kingdom) with (iii) the inclusion
of version control and access to “derived” data products.
Recent initiatives aim to provide centrally available open-access
databases that integrate primary data and some associated
metadata (Box 1). While the broad centralized integration of data
is meaningful, our point is not to suggest a single database to
hold all data, as this is likely to affect implementation, focus, and
usability. Rather, the coordination of efforts into a few collective
and linked databases is desirable to avoid duplication of efforts.
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Brazilian Microbiome Project at brmicrobiome.org: aims to assemble a
Brazilian Metagenomic Consortium/Database across taxonomic groups.
Global Ocean Microbiome Project at https://ocean-microbiome.embl.de/
(Sunagawa et al., 2015): data portal of Tara Oceans global microbiome
analysis products (processed sequencing data, focus not on corals).
Earth Microbiome Project at earthmicrobiome.org (Thompson et al., 2017):
ongoing collaborative effort to characterize global microbial taxonomic and
functional diversity across taxonomic groups, provides links to metadata,
other results, and sequencing data.
Coral/Symbiont Genomes and Transcriptomes Resource Database at
http://holobiontgenomes.reefgenomics.org: living spreadsheet for tracking
which genomic resources are available or under development for corals,
Symbiodiniaceae, and related marine organisms.

The power of a consensus framework was recently outlined
for coral bleaching experimentation, which detailed response
variables to increase comparability and hasten scientific insight
(Grottoli et al., 2021). Given the pervasive lack of long-term
funding for data centralization (including logistics, sorting, and
collection), the alternative bottom-up, community-driven model
is a more realistic goal to attain, and will be particularly valuable
if it manages to incentivize data and meta-data deposition.
Arguably, the burden to follow through with comprehensive data
deposition lies with the individual researcher and is typically
done “after the fact” (after publication). However, free-of-charge
repositories, such as zenodo.org or figshare.org, provide digital
object identifiers (DOIs) and by that a mechanism of citing
and acknowledging well-curated data, ultimately incentivizing
such efforts. For the “Aquatic Symbiosis Genomics Project”, all
sequence data will be openly accessible. All raw and assembled
sequence data will be deposited in the European Nucleotide
Archive (ENA) database which is part of the International
Nucleotide Sequence Database Collaboration that also entails the
DNA DataBank of Japan (DDBJ) and the GenBank at NCBI,
which exchange data on a daily basis. Further, our intention is
to rapidly publish all submitted genome assemblies alongside
their associated meta-data as Wellcome Open Research Data
Notes, which can be cited8 . It is now up to us (the scientific
community) to further foster these endeavors through proper
8

8
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acknowledgement and citation of non-traditional publication
outlets. We hope that the consensus guidelines detailed here
provide a path to broaden our understanding of coral holobionts,
to accelerate discovery, and to facilitate novel solutions to
mitigate coral degradation, which becomes ever more pertinent
as we witness the continuous loss of reef ecosystems globally.

ACKNOWLEDGMENTS
We would like to acknowledge and thank the “Aquatic Symbiosis
Genomics Project”, which is led by the Tree of Life Program at the
Wellcome Sanger Institute. It is funded by the Gordon and Betty
Moore Foundation through their “Symbiosis in Aquatic Systems
Initiative” and by the Wellcome Trust through core funding to
the Sanger Institute.

AUTHOR CONTRIBUTIONS
CV, KQ, SD, JP, RP, MA, ACB, CC, MZ, and MS conceived the
idea. CV, KQ, SD, JP, RP, CB-L, TB, CC, DC, JF, TR, DS, MZ, and
MS wrote the manuscript. CC conceived and created Figure 1.
All authors collected the data, provided input, and contributed to
the writing of the manuscript.

SUPPLEMENTARY MATERIAL
FUNDING
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmars.
2021.701784/full#supplementary-material

CV acknowledges funding from the German Research
Foundation (DFG), grants 433042944 and 458901010. Open

REFERENCES

Buitrago-López, C., Mariappan, K. G., Cardenas, A., Gegner, H. M., and Voolstra,
C. R. (2020). The genome of the cauliflower coral Pocillopora verrucosa. Genome
Biol. Evol. 12, 1911–1917. doi: 10.1093/gbe/evaa184
Cairns, S. D. (2007). Deep-water corals: an overview with special reference to
diversity and distribution of deep-water scleractinian corals. Bull. Mar. Sci. 81,
311–322.
Cárdenas, A., Neave, M. J., Haroon, M. F., Pogoreutz, C., Rädecker, N., Wild,
C., et al. (2018). Excess labile carbon promotes the expression of virulence
factors in coral reef bacterioplankton. ISME J. 12, 59–76. doi: 10.1038/ismej.
2017.142
Cardénas, A., and Voolstra, C. R. (2021). Genomes and full-length 16S reference
sequences for 39 Alpha- and Gamma-Proteobacterial isolates from Red Sea
Acropora corals. Genève: Zenodo, doi: 10.5281/ZENODO.4485821
Carradec, Q., Poulain, J., Boissin, E., Hume, B. C. C., Voolstra, C. R., Ziegler,
M., et al. (2020). A framework for in situ molecular characterization of coral
holobionts using nanopore sequencing. Sci. Rep. 10:15893. doi: 10.1038/s41598020-72589-0
Celis, J. S., Wibberg, D., Ramírez-Portilla, C., Rupp, O., Sczyrba, A., Winkler,
A., et al. (2018). Binning enables efficient host genome reconstruction
in cnidarian holobionts. Gigascience 7:giy075. doi: 10.1093/gigascience/
giy075
Cowman, P. F., Quattrini, A. M., Bridge, T. C. L., Watkins-Colwell, G. J.,
Fadli, N., Grinblat, M., et al. (2020). An enhanced target-enrichment bait
set for Hexacorallia provides phylogenomic resolution of the staghorn corals
(Acroporidae) and close relatives. Mol. Phylogenet. Evol. 153:106944. doi: 10.
1016/j.ympev.2020.106944
Deck, J., Gaither, M. R., Ewing, R., Bird, C. E., Davies, N., Meyer, C., et al. (2017).
The Genomic Observatories Metadatabase (GeOMe): A new repository for
field and sampling event metadata associated with genetic samples. PLoS Biol.
15:e2002925. doi: 10.1371/journal.pbio.2002925
Erickson, K. L., Pentico, A., Quattrini, A. M., and McFadden, C. S. (2021). New
approaches to species delimitation and population structure of anthozoans:
Two case studies of octocorals using ultraconserved elements and exons. Mol.
Ecol. Resour. 21, 78–92. doi: 10.1111/1755-0998.13241
Forsman, Z. H., Barshis, D. J., Hunter, C. L., and Toonen, R. J. (2009). Shapeshifting corals: molecular markers show morphology is evolutionarily plastic
in Porites. BMC Evol. Biol. 9:45. doi: 10.1186/1471-2148-9-45
Franklin, E. C., Stat, M., Pochon, X., Putnam, H. M., and Gates, R. D.
(2012). GeoSymbio: a hybrid, cloud-based web application of global
geospatial bioinformatics and ecoinformatics for Symbiodinium-host
symbioses. Mol. Ecol. Resourc. 12, 369–373. doi: 10.1111/j.1755-0998.2011.
03081.x

Aranda, M., Li, Y., Liew, Y. J., Baumgarten, S., Simakov, O., Wilson, M. C.,
et al. (2016). Genomes of coral dinoflagellate symbionts highlight evolutionary
adaptations conducive to a symbiotic lifestyle. Sci. Rep. 6:39734. doi: 10.1038/
srep39734
Arrigoni, R., Berumen, M. L., Mariappan, K. G., Beck, P. S. A., Hulver, A. M.,
Montano, S., et al. (2020). Towards a rigorous species delimitation framework
for scleractinian corals based on RAD sequencing: the case study of Leptastrea
from the Indo-Pacific. Coral Reefs 39, 1001–1025. doi: 10.1007/s00338-02001924-8
Baker, A. C. (2003). Flexibility and specificity in coral-algal symbiosis: diversity,
ecology, and biogeography of Symbiodinium. Annu. Rev. Ecol. Evol. Syst. 34,
661–689. doi: 10.1146/annurev.ecolsys.34.011802.132417
Baumgarten, S., Simakov, O., Esherick, L. Y., Liew, Y. J., Lehnert, E. M., Michell,
C. T., et al. (2015). The genome of Aiptasia, a sea anemone model for coral
symbiosis. Proc. Natl. Acad. Sci. U. S. A. 112, 11893–11898. doi: 10.1073/pnas.
1513318112
Bayer, T., Neave, M. J., Alsheikh-Hussain, A., Aranda, M., Yum, L. K., Mincer,
T., et al. (2013). The microbiome of the Red Sea coral Stylophora pistillata
is dominated by tissue-associated Endozoicomonas bacteria. Appl. Environ.
Microbiol. 79, 4759–4762. doi: 10.1128/AEM.00695-13
Blom, M. P. K. (2021). Opportunities and challenges for high-quality biodiversity
tissue archives in the age of long-read sequencing. Mol. Ecol. 2021:15909. doi:
10.1111/mec.15909
Bodor, A., Bounedjoum, N., Vincze, G. E., Erdeiné Kis, Á, Laczi, K., Bende, G.,
et al. (2020). Challenges of unculturable bacteria: environmental perspectives.
Rev. Environ. Sci. Technol. 19, 1–22. doi: 10.1007/s11157-020-09522-4
Bongaerts, P., Cooke, I. R., Ying, H., Wels, D., den Haan, S., Hernandez-Agreda,
A., et al. (2021). Morphological stasis masks ecologically divergent coral species
on tropical reefs. Curr. Biol. 31, 1–13. doi: 10.1016/j.cub.2021.03.028
Bongaerts, P., Cooke, I. R., Ying, H., Wels, D., Haan den, S., Hernandez-Agreda,
A., et al. (2020). Morphological stasis masks ecologically divergent coral species
on tropical reefs. Cold Spring Harbor Lab. 2020:260208. doi: 10.1101/2020.09.
04.260208
Bonito, V. E., Baird, A. H., Bridge, T., Cowman, P. F., and Fenner, D. (2021). Types,
topotypes and vouchers are the key to progress in coral taxonomy: Comment on
Wepfer et al. (2020). Mol. Phylogenet. Evol. 159:107104. doi: 10.1016/j.ympev.
2021.107104
Buckner, J. C., Sanders, R. C., Faircloth, B. C., and Chakrabarty, P. (2021). The
critical importance of vouchers in genomics. eLife 10:e68264. doi: 10.7554/eLife.
68264

Frontiers in Marine Science | www.frontiersin.org

9

August 2021 | Volume 8 | Article 701784

Voolstra et al.

Coral Holobiont Genome Consensus Guidelines

Freudenthal, H. D. (1962). Symbiodinium gen. nov. and Symbiodinium
microadriaticum sp. nov., a Zooxanthella: Taxonomy, life cycle, and
morphology. J. Protozool. 9, 45–52. doi: 10.1111/j.1550-7408.1962.tb02579.x
Fukami, H., Budd, A. F., Paulay, G., Solé-Cava, A., Allen Chen, C., Iwao, K., et al.
(2004). Conventional taxonomy obscures deep divergence between Pacific and
Atlantic corals. Nature 427, 832–835. doi: 10.1038/nature02339
Gómez-Corrales, M., and Prada, C. (2020). Cryptic lineages respond differently to
coral bleaching. Mol. Ecol. 29, 4265–4273. doi: 10.1111/mec.15631
González-Pech, R. A., Bhattacharya, D., Ragan, M. A., and Chan, C. X. (2019).
Genome evolution of coral reef symbionts as intracellular residents. Trends
Ecol. Evol. 34, 799–806. doi: 10.1016/j.tree.2019.04.010
González-Pech, R. A., Stephens, T. G., Chen, Y., Mohamed, A. R., Cheng, Y., Shah,
S., et al. (2021). Comparison of 15 dinoflagellate genomes reveals extensive
sequence and structural divergence in family Symbiodiniaceae and genus
Symbiodinium. BMC Biol. 19:73. doi: 10.1186/s12915-021-00994-6
Grottoli, A. G., Toonen, R. J., van Woesik, R., Vega Thurber, R., Warner, M. E.,
McLachlan, R. H., et al. (2021). Increasing comparability among coral bleaching
experiments. Ecol. Appl. 31:e02262. doi: 10.1002/eap.2262
Herrera, S., and Shank, T. M. (2016). RAD sequencing enables unprecedented
phylogenetic resolution and objective species delimitation in recalcitrant
divergent taxa. Mol. Phylogenet. Evol. 100, 70–79. doi: 10.1016/j.ympev.2016.
03.010
Hoeksema, B. W., and Cairns, S. (2020). World list of Scleractinia. Agaricia
Lamarck, 1801. Available Online at: http://www.marinespecies.org/scleractinia/
aphia.php?p=stats (accessed June 1, 2021).
Howells, E. J., Bauman, A. G., Vaughan, G. O., Hume, B. C. C., Voolstra, C. R.,
and Burt, J. A. (2020). Corals in the hottest reefs in the world exhibit symbiont
fidelity not flexibility. Mol. Ecol. 29, 899–911. doi: 10.1111/mec.15372
Howells, E. J., Beltran, V. H., Larsen, N. W., Bay, L. K., Willis, B. L., and van
Oppen, M. J. H. (2012). Coral thermal tolerance shaped by local adaptation of
photosymbionts. Nat. Clim. Chang. 2, 116–120. doi: 10.1038/nclimate1330
Huggett, M. J., and Apprill, A. (2019). Coral microbiome database: Integration of
sequences reveals high diversity and relatedness of coral-associated microbes.
Environ. Microbiol. Rep. 11, 372–385. doi: 10.1111/1758-2229.12686
Hume, B. C. C., Mejia-Restrepo, A., Voolstra, C. R., and Berumen, M. L. (2020).
Fine-scale delineation of Symbiodiniaceae genotypes on a previously bleached
central Red Sea reef system demonstrates a prevalence of coral host-specific
associations. Coral Reefs 39, 583–601. doi: 10.1007/s00338-020-01917-7
Hume, B. C. C., Smith, E. G., Ziegler, M., Warrington, H. J. M., Burt, J. A.,
LaJeunesse, T. C., et al. (2019). SymPortal: A novel analytical framework and
platform for coral algal symbiont next-generation sequencing ITS2 profiling.
Mol. Ecol. Resour. 19, 1063–1080. doi: 10.1111/1755-0998.13004
Hume, B. C. C., Voolstra, C. R., Arif, C., D’Angelo, C., Burt, J. A., Eyal, G., et al.
(2016). Ancestral genetic diversity associated with the rapid spread of stresstolerant coral symbionts in response to Holocene climate change. Proc. Natl.
Acad. Sci. U. S. A. 113, 4416–4421. doi: 10.1073/pnas.1601910113
Kavousi, J., Denis, V., Sharp, V., Reimer, J. D., Nakamura, T., and Parkinson,
J. E. (2020). Unique combinations of coral host and algal symbiont genotypes
reflect intraspecific variation in heat stress responses among colonies of the reefbuilding coral, Montipora digitata. Mar. Biol. 167:23. doi: 10.1007/s00227-0193632-z
Kevin, M. J., Hall, W. T., McLaughlin, J. J., and Zahl, P. A. (1969). Symbiodinium
microadriaticum Freudenthal, a revised taxonomic description, ultrastructure.
J. Phycol. 5, 341–350. doi: 10.1111/j.1529-8817.1969.tb02624.x
Kitahara, M. V., Fukami, H., Benzoni, F., and Huang, D. (2016). “The
New Systematics of Scleractinia: Integrating Molecular and Morphological
Evidence,” in The Cnidaria, Past, Present and Future: The world of Medusa
and her sisters, eds S. Goffredo and Z. Dubinsky (Cham: Springer International
Publishing), 41–59.
Krueger, T., and Gates, R. D. (2012). Cultivating endosymbionts — Host
environmental mimics support the survival of Symbiodinium C15 ex hospite.
J. Exp. Mar. Bio. Ecol. 413, 169–176. doi: 10.1016/j.jembe.2011.12.002
LaJeunesse, T. C., Lambert, G., Andersen, R. A., Coffroth, M. A., and Galbraith,
D. W. (2005). Symbiodinium (pyrrhophyta) genome sizes (DNA content) are
smallest among dinoflagellates. J. Phycol. 41, 880–886. doi: 10.1111/j.0022-3646.
2005.04231.x
LaJeunesse, T. C., Parkinson, J. E., Gabrielson, P. W., Jeong, H. J., Reimer, J. D.,
Voolstra, C. R., et al. (2018). Systematic revision of Symbiodiniaceae highlights

Frontiers in Marine Science | www.frontiersin.org

the antiquity and diversity of coral endosymbionts. Curr. Biol. 28, 2570–2580.
doi: 10.1016/j.cub.2018.07.008
LaJeunesse, T. C., Parkinson, J. E., and Reimer, J. D. (2012). A genetics-based
description of Symbiodinium minutum sp. nov. and S. psygmophilum sp. nov.
(Dinophyceae), two dinoflagellates symbiotic with cnidaria. J. Phycol. 48, 1380–
1391. doi: 10.1111/j.1529-8817.2012.01217.x
Lee, S. Y., Jeong, H. J., and LaJeunesse, T. C. (2020). Cladocopium infistulum sp.
nov. (Dinophyceae), a thermally tolerant dinoflagellate symbiotic with giant
clams from the western Pacific Ocean. Phycologia 59, 515–526. doi: 10.1080/
00318884.2020.1807741
Levy, S., Elek, A., Grau-Bové, X., Menéndez-Bravo, S., Iglesias, M., Tanay, A.,
et al. (2021). A stony coral cell atlas illuminates the molecular and cellular
basis of coral symbiosis, calcification, and immunity. Cell 184, 2973–2987.
doi: 10.1016/j.cell.2021.04.005
Liew, Y. J., Aranda, M., and Voolstra, C. R. (2016). Reefgenomics.Org - a
repository for marine genomics data. Database 2016:baw152. doi: 10.1093/
database/baw152
Lin, S. (2011). Genomic understanding of dinoflagellates. Res. Microbiol. 162,
551–569. doi: 10.1016/j.resmic.2011.04.006
Madin, J. S., Anderson, K. D., Andreasen, M. H., Bridge, T. C. L., Cairns, S. D.,
Connolly, S. R., et al. (2016). The Coral Trait Database, a curated database of
trait information for coral species from the global oceans. Sci. Data 3:160017.
doi: 10.1038/sdata.2016.17
Maruyama, S., and Weis, V. M. (2021). Limitations of using cultured algae to
study cnidarian-algal symbioses and suggestions for future studies. J. Phycol.
57, 30–38. doi: 10.1111/jpy.13102
Mende, D. R., Letunic, I., Maistrenko, O. M., Schmidt, T. S. B., Milanese, A.,
Paoli, L., et al. (2020). proGenomes2: an improved database for accurate
and consistent habitat, taxonomic and functional annotations of prokaryotic
genomes. Nucleic Acids Res. 48, D621–D625. doi: 10.1093/nar/gkz1002
Milne Edwards, H., and Haime, J. (1851). Recherches sur les polypiers. Mémoire 6.
Monographie des Fongides. Annales des Sciences Naturelles, Zoologie, Series 3.
15, 73–144.
Morris, L. A., Voolstra, C. R., Quigley, K. M., Bourne, D. G., and Bay, L. K.
(2019). Nutrient availability and metabolism affect the stability of coralSymbiodiniaceae symbioses. Trends Microbiol. 27, 678–689. doi: 10.1016/j.tim.
2019.03.004
Nand, A., Zhan, Y., Salazar, O. R., Aranda, M., Voolstra, C. R., and Dekker, J.
(2021). Genetic and spatial organization of the unusual chromosomes of the
dinoflagellate Symbiodinium microadriaticum. Nat. Genet. 53, 618–629. doi:
10.1038/s41588-021-00841-y
Neave, M. J., Michell, C. T., Apprill, A., and Voolstra, C. R. (2014). Whole-genome
sequences of three symbiotic Endozoicomonas strains. Genome Announc.
2:e00802–14. doi: 10.1128/genomea.00802-14
Neave, M. J., Michell, C. T., Apprill, A., and Voolstra, C. R. (2017a).
Endozoicomonas genomes reveal functional adaptation and plasticity in
bacterial strains symbiotically associated with diverse marine hosts. Sci. Rep.
7:40579. doi: 10.1038/srep40579
Neave, M. J., Rachmawati, R., Xun, L., Michell, C. T., Bourne, D. G., Apprill,
A., et al. (2017b). Differential specificity between closely related corals and
abundant Endozoicomonas endosymbionts across global scales. ISME J. 11,
186–200. doi: 10.1038/ismej.2016.95
Nitschke, M. R., Craveiro, S. C., Brandão, C., Fidalgo, C., Serôdio, J., Calado,
A. J., et al. (2020). Description of Freudenthalidium gen. nov. and Halluxium
gen. nov. to formally recognize clades Fr3 and H as genera in the family
Symbiodiniaceae (Dinophyceae). J. Phycol. 56, 923–940. doi: 10.1111/jpy.12999
Ochsenkühn, M. A., Röthig, T., D’Angelo, C., Wiedenmann, J., and Voolstra,
C. R. (2017). The role of floridoside in osmoadaptation of coral-associated algal
endosymbionts to high-salinity conditions. Sci. Adv. 3:e1602047. doi: 10.1126/
sciadv.1602047
Parks, D. H., Chuvochina, M., Waite, D. W., Rinke, C., Skarshewski, A., Chaumeil,
P.-A., et al. (2018). A standardized bacterial taxonomy based on genome
phylogeny substantially revises the tree of life. Nat. Biotechnol. 36, 996–1004.
doi: 10.1038/nbt.4229
Peixoto, R. S., Sweet, M., Villela, H. D. M., Cardoso, P., Thomas, T.,
Voolstra, C. R., et al. (2021). Coral probiotics: premise, promise, prospects.
Annu. Rev. Anim. Biosci. 9, 265–288. doi: 10.1146/annurev-animal-090120115444

10

August 2021 | Volume 8 | Article 701784

Voolstra et al.

Coral Holobiont Genome Consensus Guidelines

Quattrini, A. M., Faircloth, B. C., Dueñas, L. F., Bridge, T. C. L., Brugler,
M. R., Calixto-Botía, I. F., et al. (2018). Universal target-enrichment baits
for anthozoan (Cnidaria) phylogenomics: New approaches to long-standing
problems. Mol. Ecol. Resour. 18, 281–295. doi: 10.1111/1755-0998.12736
Quattrini, A. M., Wu, T., Soong, K., Jeng, M.-S., Benayahu, Y., and McFadden,
C. S. (2019). A next generation approach to species delimitation reveals the role
of hybridization in a cryptic species complex of corals. BMC Evol. Biol. 19:116.
doi: 10.1186/s12862-019-1427-y
Quek, Z. B. R., and Huang, D. (2021). Application of phylogenomic tools to unravel
anthozoan evolution. Coral Reefs 2021:3. doi: 10.1007/s00338-021-02072-3
Richards, S. (2015). It’s more than stamp collecting: how genome sequencing can
unify biological research. Trends Genet. 31, 411–421. doi: 10.1016/j.tig.2015.04.
007
Richards, Z. T., Berry, O., and van Oppen, M. J. H. (2016). Cryptic genetic
divergence within threatened species of Acropora coral from the Indian and
Pacific Oceans. Conserv. Genet. 17, 577–591. doi: 10.1007/s10592-015-0807-0
Richards, Z. T., and Hobbs, J.-P. A. (2015). Hybridisation on coral reefs and the
conservation of evolutionary novelty. Curr. Zool. 61, 132–145. doi: 10.1093/
czoolo/61.1.132
Riginos, C., Crandall, E. D., Liggins, L., Gaither, M. R., Ewing, R. B., Meyer, C., et al.
(2020). Building a global genomics observatory: Using GEOME (the Genomic
Observatories Metadatabase) to expedite and improve deposition and retrieval
of genetic data and metadata for biodiversity research. Mol. Ecol. Resour. 20,
1458–1469. doi: 10.1111/1755-0998.13269
Robbins, S. J., Singleton, C. M., Chan, C. X., Messer, L. F., Geers, A. U., Ying, H.,
et al. (2019). A genomic view of the reef-building coral Porites lutea and its
microbial symbionts. Nat. Microbiol. 4, 2090–2100. doi: 10.1038/s41564-0190532-4
Roder, C., Bayer, T., Aranda, M., Kruse, M., and Voolstra, C. R. (2015). Microbiome
structure of the fungid coral Ctenactis echinata aligns with environmental
differences. Mol. Ecol. 24, 3501–3511. doi: 10.1111/mec.13251
Rosenberg, E., Koren, O., Reshef, L., Efrony, R., and Zilber-Rosenberg, I. (2007).
The role of microorganisms in coral health, disease and evolution. Nat. Rev.
Microbiol. 5, 355–362. doi: 10.1038/nrmicro1635
Rosental, B., Kozhekbaeva, Z., Fernhoff, N., Tsai, J. M., and Traylor-Knowles, N.
(2017). Coral cell separation and isolation by fluorescence-activated cell sorting
(FACS). BMC Cell Biol. 18:30. doi: 10.1186/s12860-017-0146-8
Röthig, T., Roik, A., Yum, L. K., and Voolstra, C. R. (2017). Distinct bacterial
microbiomes associate with the deep-sea coral Eguchipsammia fistula from the
Red Sea and from aquarium settings. Front. Mar. Sci. 4:259. doi: 10.3389/fmars.
2017.00259
Rowan, R., Knowlton, N., Baker, A., and Jara, J. (1997). Landscape ecology of algal
symbionts creates variation in episodes of coral bleaching. Nature 388, 265–269.
doi: 10.1038/40843
Ryan, J. F., and Finnerty, J. R. (2003). CnidBase: The cnidarian evolutionary
genomics database. Nucleic Acids Res. 31, 159–163. doi: 10.1093/nar/gkg116
Sampayo, E. M., Dove, S., and LaJeunesse, T. C. (2009). Cohesive molecular genetic
data delineate species diversity in the dinoflagellate genus Symbiodinium. Mol.
Ecol. 18, 500–519. doi: 10.1111/j.1365-294X.2008.04037.x
Sampayo, E. M., Ridgway, T., Bongaerts, P., and Hoegh-Guldberg, O. (2008).
Bleaching susceptibility and mortality of corals are determined by fine-scale
differences in symbiont type. Proc. Natl. Acad. Sci. U. S. A. 105, 10444–10449.
doi: 10.1073/pnas.0708049105
Santos, S. R., Taylor, D. J., and Coffroth, M. A. (2001). Genetic comparisons
of freshly isolated versus cultured symbiotic dinoflagellates: Implications for
extrapolating to the intact symbiosis. J. Phycol. 37, 900–912. doi: 10.1046/j.15298817.2001.00194.x
Sawall, Y., Al-Sofyani, A., Hohn, S., Banguera-Hinestroza, E., Voolstra, C. R., and
Wahl, M. (2015). Extensive phenotypic plasticity of a Red Sea coral over a strong
latitudinal temperature gradient suggests limited acclimatization potential to
warming. Sci. Rep. 5:8940. doi: 10.1038/srep08940
Shearer, T. L., Van Oppen, M. J. H., Romano, S. L., and Wörheide, G. (2002). Slow
mitochondrial DNA sequence evolution in the Anthozoa (Cnidaria). Mol. Ecol.
11, 2475–2487. doi: 10.1046/j.1365-294x.2002.01652.x
Sheets, E. A., Warner, P. A., and Palumbi, S. R. (2018). Accurate population genetic
measurements require cryptic species identification in corals. Coral Reefs 37,
549–563. doi: 10.1007/s00338-018-1679-9

Frontiers in Marine Science | www.frontiersin.org

Shinzato, C., Khalturin, K., Inoue, J., Zayasu, Y., Kanda, M., Kawamitsu, M., et al.
(2021). Eighteen coral genomes reveal the evolutionary origin of Acropora
strategies to accommodate environmental changes. Mol. Biol. Evol. 38, 16–30.
doi: 10.1093/molbev/msaa216
Staley, J. T. (2006). The bacterial species dilemma and the genomic-phylogenetic
species concept. Philos. Trans. R. Soc. Lond. B Biol. Sci. 361, 1899–1909. doi:
10.1098/rstb.2006.1914
Stolarski, J., Coronado, I., Murphy, J. G., Kitahara, M. V., Janiszewska, K., Mazur,
M., et al. (2021). A modern scleractinian coral with a two-component calcitearagonite skeleton. Proc. Natl. Acad. Sci. U. S. A. 118:2013316117.
Suggett, D. J., Goyen, S., Evenhuis, C., Szabó, M., Pettay, D. T., Warner, M. E.,
et al. (2015). Functional diversity of photobiological traits within the genus
Symbiodinium appears to be governed by the interaction of cell size with cladal
designation. New Phytol. 208, 370–381. doi: 10.1111/nph.13483
Suggett, D. J., Warner, M. E., and Leggat, W. (2017). Symbiotic dinoflagellate
functional diversity mediates coral survival under ecological crisis. Trends Ecol.
Evol. 32, 735–745. doi: 10.1016/j.tree.2017.07.013
Sunagawa, S., Coelho, L. P., Chaffron, S., Kultima, J. R., Labadie, K., Salazar,
G., et al. (2015). Ocean plankton. Structure and function of the global ocean
microbiome. Science 348:1261359. doi: 10.1126/science.1261359
Sweet, M., Villela, H., Keller-Costa, T., Costa, R., Romano, S., Bourne, D. G.,
et al. (2021). Insights into the cultured bacterial fraction of corals. mSystems
6:e0124920. doi: 10.1128/mSystems.01249-20
Sweet, M. J., Brown, B. E., Dunne, R. P., Singleton, I., and Bulling, M. (2017).
Evidence for rapid, tide-related shifts in the microbiome of the coral Coelastrea
aspera. Coral Reefs 36, 815–828. doi: 10.1007/s00338-017-1572-y
Taylor, L. D. (1974). Symbiotic marine algae : taxonomy and biological fitness.
Symbiosis Sea 245–262.
Terraneo, T. I., Benzoni, F., Baird, A. H., Arrigoni, R., and Berumen, M. L. (2019a).
Morphology and molecules reveal two new species of Porites (Scleractinia,
Poritidae) from the Red Sea and the Gulf of Aden. Syst. Biodiv. 17, 491–508.
doi: 10.1080/14772000.2019.1643806
Terraneo, T. I., Fusi, M., Hume, B. C. C., Arrigoni, R., Voolstra, C. R., Benzoni,
F., et al. (2019b). Environmental latitudinal gradients and host-specificity
shape Symbiodiniaceae distribution in Red Sea Porites corals. J. Biogeogr. 46,
2323–2335. doi: 10.1111/jbi.13672
Thomas, L., Rose, N. H., Bay, R. A., López, E. H., Morikawa, M. K., Ruiz-Jones, L.,
et al. (2018). Mechanisms of thermal tolerance in reef-building corals across a
fine-grained environmental mosaic: lessons from Ofu, American Samoa. Front.
Mar. Sci. 4:434. doi: 10.3389/fmars.2017.00434
Thompson, L. R., Sanders, J. G., McDonald, D., Amir, A., Ladau, J., Locey,
K. J., et al. (2017). A communal catalogue reveals Earth’s multiscale microbial
diversity. Nature 551, 457–463. doi: 10.1038/nature24621
Thornhill, D. J., Howells, E. J., Wham, D. C., Steury, T. D., and Santos,
S. R. (2017). Population genetics of reef coral endosymbionts (Symbiodinium,
Dinophyceae). Mol. Ecol. 26, 2640–2659. doi: 10.1111/mec.14055
Todd, P. A. (2008). Morphological plasticity in scleractinian corals. Biol. Rev.
Camb. Philos. Soc. 83, 315–337. doi: 10.1111/j.1469-185x.2008.00045.x
Torda, G., Donelson, J. M., Aranda, M., Barshis, D. J., Bay, L., Berumen, M. L., et al.
(2017). Rapid adaptive responses to climate change in corals. Nat. Clim. Chang.
7, 627–636. doi: 10.1038/nclimate3374
Tripp, H. J., Hewson, I., Boyarsky, S., Stuart, J. M., and Zehr, J. P. (2011).
Misannotations of rRNA can now generate 90% false positive protein matches
in metatranscriptomic studies. Nucleic Acids Res. 39, 8792–8802. doi: 10.1093/
nar/gkr576
van de Water, J. A. J. M., Coppari, M., Enrichetti, F., Ferrier-Pagès, C., and Bo,
M. (2020). Local conditions influence the prokaryotic communities associated
with the mesophotic black coral Antipathella subpinnata. Front. Microbiol.
11:537813. doi: 10.3389/fmicb.2020.537813
Van Rossum, T., Ferretti, P., Maistrenko, O. M., and Bork, P. (2020). Diversity
within species: interpreting strains in microbiomes. Nat. Rev. Microbiol. 18,
491–506. doi: 10.1038/s41579-020-0368-1
Varghese, N. J., Mukherjee, S., Ivanova, N., Konstantinidis, K. T., Mavrommatis, K.,
Kyrpides, N. C., et al. (2015). Microbial species delineation using whole genome
sequences. Nucleic Acids Res. 43, 6761–6771. doi: 10.1093/nar/gkv657
Veron, J. E. N. (2000). Corals of the World. Townsville: Australian Institute of
Marine Science.

11

August 2021 | Volume 8 | Article 701784

Voolstra et al.

Coral Holobiont Genome Consensus Guidelines

WoRMS Editorial Board (2020). World Register of Marine Species. doi: 10.14284/
170 Available Online at: http://www.marinespecies.org at VLIZ. Accessed 202004-15
Yan, Y., Nguyen, L. H., Franzosa, E. A., and Huttenhower, C. (2020). Strain-level
epidemiology of microbial communities and the human microbiome. Genome
Med. 12:71. doi: 10.1186/s13073-020-00765-y
Ziegler, M., Roder, C. M., Büchel, C., and Voolstra, C. R. (2014). Limits
to physiological plasticity of the coral Pocillopora verrucosa from the
central Red Sea. Coral Reefs 33, 1115–1129. doi: 10.1007/s00338-0141192-8
Ziegler, M., Seneca, F. O., Yum, L. K., Palumbi, S. R., and Voolstra,
C. R. (2017). Bacterial community dynamics are linked to patterns
of coral heat tolerance. Nat. Commun. 8:14213. doi: 10.1038/ncomms
14213
Zoccola, D., Ounais, N., Barthelemy, D., Calcagno, R., Gaill, F., Henard, S., et al.
(2020). The World Coral Conservatory (WCC): A Noah’s ark for corals to
support survival of reef ecosystems. PLoS Biol. 18:e3000823. doi: 10.1371/
journal.pbio.3000823

Vohsen, S. A., Anderson, K. E., Gade, A. M., Gruber-Vodicka, H. R., Dannenberg,
R. P., Osman, E. O., et al. (2020a). Deep-sea corals provide new insight into
the ecology, evolution, and the role of plastids in widespread apicomplexan
symbionts of anthozoans. Microbiome 8:34. doi: 10.1186/s40168-020-00798-w
Vohsen, S. A., Gruber-Vodicka, H. R., Osman, E. O., Saxton, M. A., Joye,
S. B., Dubilier, N., et al. (2020b). Deep-sea corals near cold seeps
associate with chemoautotrophic bacteria that are related to the symbionts
of cold seep and hydrothermal vent mussels. bioRxiv 2020:968453. doi:
10.1101/2020.02.27.968453
Vollmer, S. V., and Palumbi, S. R. (2002). Hybridization and the evolution of reef
coral diversity. Science 296, 2023–2025. doi: 10.1126/science.1069524
Voolstra, C. R., Giga Community of Scientists (Cos), Wörheide, G., and Lopez,
J. V. (2017a). Advancing genomics through the Global Invertebrate Genomics
Alliance (GIGA). Invertebrate Syst. 31:1. doi: 10.1071/is16059
Voolstra, C. R., Li, Y., Liew, Y. J., Baumgarten, S., Zoccola, D., Flot, J.-F., et al.
(2017b). Comparative analysis of the genomes of Stylophora pistillata and
Acropora digitifera provides evidence for extensive differences between species
of corals. Sci. Rep. 7:17583. doi: 10.1038/s41598-017-17484-x
Voolstra, C. R., Suggett, D. J., Peixoto, R., Parkinson, J. E., Quigley, K., Silveira, C.,
et al. (2021). Extending the adaptive capacity of corals to survive climate change.
Nat. Rev. Earth Environ.
Voolstra, C. R., Valenzuela, J., Turkarslan, S., Cardenas, A., Hume, B., Perna, G.,
et al. (2020). Contrasting heat stress response patterns of coral holobionts across
the Red Sea suggest distinct mechanisms of thermal tolerance. Res. Square
doi: 10.21203/rs.3.rs-117181/v1
Voolstra, C. R., and Ziegler, M. (2020). Adapting with microbial help: microbiome
flexibility facilitates rapid responses to environmental change. BioEssays
42:e2000004. doi: 10.1002/bies.202000004
Wham, D. C., Ning, G., and LaJeunesse, T. C. (2017). Symbiodinium glynnii sp.
nov., a species of stress-tolerant symbiotic dinoflagellates from pocilloporid and
montiporid corals in the Pacific Ocean. Phycologia 56, 396–409. doi: 10.2216/
16-86.1
Williams, A. D., Brown, B. E., Putchim, L., and Sweet, M. J. (2015). Age-related
shifts in bacterial diversity in a reef coral. PLoS One 10:e0144902. doi: 10.1371/
journal.pone.0144902
Willis, B. L., van Oppen, M. J. H., Miller, D. J., Vollmer, S. V., and Ayre, D. J. (2006).
The role of hybridization in the evolution of reef corals. Ann. Rev. Ecol. Evol.
Syst. 37, 489–517. doi: 10.1146/annurev.ecolsys.37.091305.110136

Frontiers in Marine Science | www.frontiersin.org

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.
Copyright © 2021 Voolstra, Quigley, Davies, Parkinson, Peixoto, Aranda, Baker,
Barno, Barshis, Benzoni, Bonito, Bourne, Buitrago-López, Bridge, Chan, Combosch,
Craggs, Frommlet, Herrera, Quattrini, Röthig, Reimer, Rubio-Portillo, Suggett,
Villela, Ziegler and Sweet. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

12

August 2021 | Volume 8 | Article 701784

